The clam shrimp genus Eulimnadia Packard, 1874 is the most speciose and widely distributed in the Spinicaudata. Taxonomic determinations based on morphology have been controversial because of intraspecific variability in many of the characters used to date. Most recently, egg shell morphology has been the preferred source of species specific characters. We explore the phylogenetic relationships of 19 Eulimnadia species and assess previously proposed synonymies of E. diversa based on egg shell morphology. Phylogenetic studies were based on cytochrome b and elongation factor 1α, and were analyzed using Maximum Likelihood and Bayesian Inference approaches. Phylogenetic analyses support the monophyly of Eulimnadia, yet a large amount of polyphyly exists for species identified via morphology. Specimens of Eulimnadia diversa s.l. were highly unresolved and polyphyletic. Overall, species level phylogenetic resolution was low, emphasizing the great need for a systematic revision of Eulimnadia.
INTRODUCTION
Eulimnadia Packard, 1874 is classified within Limnadiidae along with Limnadia Brongniart, 1820, Limnadopsis Spencer and Hall, 1896 , Imnadia Hertzog, 1935 , Metalimnadia Mattox, 1952 , Paralimnadia Sars, 1896 , Afrolimnadia Rogers et al., 2012 , Calalimnadia Rogers et al., 2012 , and Austrolimnadia Timms and Schwentner, 2012 . Of these Eulimnadia is the most speciose and widely distributed (Brtek, 1997) . The next most speciose genus is Limnadopsis, which contains 12 species (Schwentner et al., 2012) . Brtek (1997) compiled a checklist of the valid and invalid species names of the large Branchiopods, within which he listed 52 described species of Eulimnadia, but only recognized 43 valid species (Table 1) . Additionally, Brtek (1997) did not mention three species that had been described prior to his checklist (Martin and Belk, 1988; Roessler, 1990) , and since his list, an additional seven species have been described (Pereira and Garcia, 2001; Durga-Prasad and Simhachalam, 2004; Timms and McLay, 2005; Babu and Nandan, 2010; Rogers et al., 2010 ) yielding a total of 53 species (Table 1) . Webb and Bell (1979) synonymized Eulimnadia with Limnadia, stating that within Spinicaudata, genus diagnostic characters can be highly variable in different stages of ontogeny, in different sexes, and in different species within the same genus. Martin and Belk (1988) and Belk (1989) disputed this reasoning, suggesting it was based on a survey of poor taxonomic drawings in the literature, but nevertheless recognized the morphological similarities of the genera and assumed them to be sister taxa. In 1964 Straškraba * Corresponding author; e-mail: scw@uakron.edu presented a discussion of limnadiid generic relationships based on morphological characters. She chose to recognize the similarities of Eulimnadia and Limnadia by including them in the subfamily Limnadiinae Burmeister, 1843. This taxonomic classification was based on a comparison of 10 morphological characters (Straškraba, 1964) . Rogers et al. (2012) revised the extant genera of Limnadiidae based on the molecular analyses of Weeks et al. (2009) and provided morphological characters specific to each genus. Yet species distinctions are still in need of study.
Most molecular phylogenies to date have focused on higher level analyses of the branchiopod families (Hanner and Fugate, 1997; Spears and Abele, 2000; Braband et al., 2002) . Braband et al. (2002) did a combined analysis of 12S rDNA and elongation factor 1α (EF1α) and found support for a sister relationship between (Imnadia and Limnadia) and (Eulimnadia and Limnadopsis) that were both supported as monophyletic clades. Hoeh et al. (2006) , using 28S rDNA, 12S rDNA, and cytochrome b (cytb) sequences, found support for the monophyly of Eulimnadia but the sister group remained ambiguous. However, Limnadopsis was never found to be sister to Eulimnadia. Schwentner et al. (2009) analyzed 41 species, including 15 of Eulimnadia, with data from three genes: 28S, 16S, and cytochrome c oxidase I (COI). This study reached the same conclusions as Hoeh et al. (2006) regarding the monophyly of Eulimnadia and lack of sister relationship with Limnadia. In the same year, Weeks et al. (2009) reported strong support for the monophyly of Limnadiidae including the genera Eulimnadia, Metalimnadia, Imnadia, and Limnadopsis. Two undescribed eulimnadoid species included in the analysis fall into distinct clades, the first from the island Republic of Mauritius and the second from South Africa. These two new taxa Table 1 . List of valid Eulimnadia species names along with generalized locality information obtained from the literature or from our own collections. Synonymies are indented underneath the valid taxon.
Venezuela
Eulimnadia garretti (Richters, 1882) Tahiti Eulimnadia geayi Daday, 1913 Venezuela, Colombia, Mexico Eulimnadia gibba Sars, 1900 India Eulimnadia graniticola Rogers et al., 2010 Georgia, USA Eulimnadia gunturensis Radhakrishna and Durga-Prasad, 1976 India Eulimnadia indocylindrova Durga-Prasad and Simhachalam, 2004 India Eulimnadia kobai Ueno, 1940 China Eulimnadia magdalensis Roessler, 1990 Colombia Eulimnadia margaretae Bond, 1934 South Arabica Eulimnadia marplesi Timms and McLay, 2005 New Zealand
Eulimnadia mauritiana (Guérin, 1837) Ilse de France, Mauritania Eulimnadia michaeli Nayar and Nair, 1968 India Eulimnadia minuta Daday, 1913 West Africa Eulimnadia ovata Nayar, 1965 India Eulimnadia ovata ssp. inversa Battish, 1981 India 
Species Locality
Eulimnadia ovilunata Martin and Belk, 1989 Argentina Eulimnadia ovisimilis Martin and Belk, 1988 Paraguay Eulimnadia packardiana Ishikawa, 1895 Japan Eulimnadia pulchra Mohammad, 1986 Iraq Eulimnadia similis Sars, 1900 India Eulimnadia subtropica Daday, 1913 Madagascar Eulimnadia taoluoensis Hu, 1986 China Eulimnadia texana Packard, 1871 USA, Mexico Eulimnadia tropica Rammner, 1933 Caribbean Islands were assigned by Rogers et al. (2012) the two generic names Calalimnadia and Afrolimnadia, respectively. Rogers et al. (2012) resurrected the genus Paralimnadia Sars, 1896 to encompass the Australian representatives of Limnadia. They further noted the monophyly of (Eulimnadia + Metalimnadia) and (Paralimnadia + Limnadopsis). Weeks et al. (2009) analyzed a total of 71 specimens representing 15 species of Eulimnadia. The analysis of multiple specimens per species highlighted problematic species determinations for specimens of E. diversa, E. follisimilis, and E. cylindrova which were not monophyletic in the phylogenetic analyses (Weeks et al., 2009) .
While Brtek (1997) did recognize 43 valid species of Eulimnadia (disregarding the inclusion in Limnadia), he also suggested that many of these would be synonymized in the future, after careful examination of additional material. This underscores the taxonomic difficulties that have faced this group. Many of the early species descriptions were based on few specimens, often from one locality. Frequently details of characters were vague or missing and drawings have been misleading (Belk, 1989 ). An excellent example of these issues is that of E. diversa. Mattox (1954) recognized 12 North American species of Eulimnadia. He found these to be distinct through the use of several morphological characters including: carapace growth lines, carapace size and shape, telson spines, head shape, male claspers, and antennae length (Belk, 1989) . However, Belk (1989) cites these characters as unreliable due to high levels of intraspecific variability. He also found that in some cases, such as that of E. alineata, the type specimens were immature. Like many since, he found egg morphology to be the most important in species diagnoses and subsequently synonymized six (E. inflecta, E. thompsoni, E. ventricosa, E. francesae, E. oryzae, and E. alineata) of the North American species into E. diversa due to similarities in egg structure. However, while Belk (1989) did find egg morphology to be the most useful character, he recognized that the full extent of its value, as well as its limitations, needs to be explored further.
The current study presents the most comprehensive molecular analysis of the genus Eulimnadia to date with 19 species across 5 continents using a portion of the nuclearencoded EF1α and a portion of the mitochondrion-encoded cytb. The resulting phylogenetic analyses are used to test the proposal by Belk (1989) to broaden the species delineation criteria for Eulimnadia diversa.
MATERIALS AND METHODS

Study Organisms
Accessions included in this study are listed in Table 2 . The phylogenetic analysis included all available species of Eulimnadia as the ingroup. Calalimnadia (Rogers et al., 2012) and Limnadia lenticularis (Linnaeus, 1761) served as out group taxa in all analyses. Limnadopsis parvispinus Henry, 1924 was included as an out group in the cytb analysis. Limnadopsis birchii (Baird, 1860) , Imnadia yeyetta Hertzog, 1935 , Leptestheria dahalacensis (Rüppel, 1837 , and Caenestheria lutraria (Brady, 1886) , were included as out group taxa in the EF1α analyses.
Specimen collection, identification, and rearing Adult clam shrimp collected in wet field conditions were preserved in 95% ethanol for DNA extraction. In dry field conditions, sediment was collected from dry pools and placed in plastic bags for subsequent lab hydrations. Collections were obtained by the Weeks' lab team or obtained through colleagues. Those samples reared from sediment collections were kept in a temperature controlled animal facility at the University of Akron at 26-28°C and under 24 hour light conditions (Durotest Sunlight Simulating fluorescent bulbs). A small sample of sediment (about 500 ml) was placed in the bottom of a 38-l glass aquarium and hydrated with deionized water. Each aquarium received approximately 10 ml of food each day. Food was composed of 2.5 g of ground Tetramin ® flake food for algae eating fish and 2.5 g of baker's yeast suspended in 500 ml of deionized water. This protocol has been shown to be the most successful in raising a variety of species of clam shrimp (Weeks et al., 1997 (Weeks et al., , 2009 . When clam shrimp reached sexual maturity, they were frozen at −70°C for DNA extraction. All samples were split into two portions: one portion was used for DNA analyses (see below) and the other was sent to C. Sassaman or D. C. Rogers where they were identified to species.
DNA Sequencing
Total DNA was extracted from individual clam shrimp using the Qiagen DNeasy Animal Tissue Kit (Qiagen, Germantown, MD, USA). Polymerase chain reactions (PCR) were used to amplify fragments of EF1α and cytb using the primer pairs presented in Table 3 . Each reaction consisted of 1.5 μl of template DNA, 0.75 μl of each primer (125 mg/ml), 18.0 μl Qmaster mix, and 10.5 μl of H 2 O for a total volume of 30 μl. The reactions were run in an Eppendorf personal thermocycler (Eppendorf, Hamburg, Germany) for 40 cycles. Each cycle consisted of a 1-min denature step at 94°C, a 1-min annealing step at 45°C for cytb and 53°C for EF1α, and a 1.5-min extension step at 72°C.
PCR products were cleaned with the Qiagen MinElute PCR Purification kit (Qiagen). Sequencing was carried out with an ABI 3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Sequences were evaluated and initially aligned using Sequencher 4.7 (Genecodes, Ann Arbor, MI, USA). Subsequent editing and alignment was conducted with SeqApp (Gilbert, 1992) . These were combined with sequences acquired from the GenBank ® genetic sequence database (http://www.ncbi.nlm.nih.gov/) (Benson et al., 1997) . Further sequence evaluation was performed in MEGA (Molecular Evolutionary Genetics Analysis) v. 5.1 (Tamura et al., 2011) .
Phylogenetic Analyses
Analyses were conducted using concatenated data sets with all genes partitioned by codon position. Maximum Likelihood analyses were performed using Randomized Accelerated Maximum Likelihood version 7.0.3 (RAxML) (Stamatakis, 2006) . Two methods of analysis were used: 1. a two gene concatenation approach, in which the gene sequences were concatenated head-to-tail to form a two gene alignment; and 2. a single gene consensus approach, where each gene was analyzed individually. The General Time Reversible (GTR) model (Taver, 1986 ) of nucleotide substitution with I model (Yang, 1996) of rate heterogeneity was implemented for all analyses. Support for the ML tree was obtained by with 1000 bootstrap iterations.
Bayesian Inference (BI) analyses were computed with MrBayes v. 3.1.2 (Ronquist and Huelsenbeck, 2003) . The GTR + I + G substitution model (Ronquist et al., 2012) was implemented with two simultaneous runs in each analysis and terminated when the average standard deviation of the split frequencies reached less than 0.01. The two-gene analysis consisted of 27 million generations and resulted in 54,240 saved trees. The cytb analysis consisted of 8 million generations and resulted in 17,014 saved trees. The EF1α analysis consisted of 5 million generations and resulted in 100,002 saved trees. In all analyses, the first 50% of trees were considered as the burn in and were discarded. Majority rule consensus trees were created incorporating posterior probabilities (PP) which are percentage values representing the frequency at which each clade was recovered in the sampled trees.
RESULTS
Sequence data of the mitochondrial gene cytb and nuclear gene EF1α from a total of 112 specimens representing 28 species were newly generated or obtained from GenBank in this study (Table 2) .
Combined Analyses
Both genes were analyzed using BI and ML for 44 specimens. Eulimnadia forms a monphyum in this analysis but not all limnadiid genera were included. Both trees had a similar topology and so only the ML tree is presented (Fig. 1) . Species, identified primarily on egg morphology, of Eulimnadia were found to be either well supported, weakly supported or, in many cases, polyphyletic. Generally Eulimnadia constitutes a trichotomy with E. brasiliensis and two clades of limited support (Fig. 1) . Within the two clades, individual samples of E. diversa, E. texana, E. follisimilis, E. thompsoni, E. inflecta, and E. oryzae do not cluster by species designation, nor do the species synonymized with E. diversa constitute a single monophylum (this is also not the case in the single gene analyses). Some well-supported clades of specimens represent groups of species which have historically been identified as species based on morphological characters (E. michaeli, PP = 100, BS = 100; E. braueriana, PP = 100, BS = 100; E. feriensis, PP = 100, BS = 87; E. graniticola, PP = 100, BS = 98).
EF1α Analyses
Trees inferred from BI and ML (Fig. 2) for the 66 specimens using only EF1α sequences differed only in the placement of one taxon (E. brasiliensis) from each other. In these analyses Eulimnadia does not form a monophylum, but instead forms a paraphyletic clade (PP = 100, BS = 17) with Calalimnadia mahei and L. lenticularis. In the ML tree, E. brasiliensis is sister, with little support (BS = 17), to the entire Eulimnadia + Calalimnadia + Limnadia clade while in the BI tree E. brasiliensis is included in a clade with E. michaeli, E. asizi, E. africana, E. braueriana, the unidentified species from India, E. dahli and E. feriensis (PP = 62). As expected for a single gene tree, resolution is limited. Only four species were found to be supported as monophyletic: E. braueriana (PP = 56, BS = 86), E. sp. 2 from India (PP = 100, BS = 92), E. graniticola (PP = 99, BS = 86), and E. cylindrova (PP = 100, BS = 100). The rest of the species had individuals falling in different clades, or were part of polytomies with other species.
cytb Analyses
The analyses of 94 individuals using only cytb sequences showed somewhat different topologies when inferred with ML (Fig. 3) and BI (Fig. 4) . In both the BI and ML analyses, Eulimnadia is a monophyletic group (PP = 100, BS = 77). These trees show better resolution than the EF1α trees. In both trees, two specimens of E. diversa from Arizona, USA (N8 and N4) are sisters to all remaining Eulimnadia lineages (PP = 73, BS = 39). However, six other specimens of E. diversa are scattered among specimens of Table 3 . Primer pairs used for DNA amplification in this study: mitochondrion-encoded cytochrome b (cytb) and nuclear-encoded elongation factor 1-α (EF1α GGAAGTCAGAGAAGGACTC Braband et al. (2002) other species. Of particular note, in the ML tree, a large clade, denoted by an arrow in Fig. 3 , includes E. cylindrova from Mexico and Venezuela, E. packardiana from Japan, E. colombiensis from Venezuela, E. follisimilis and E. texana from Mexico and the USA, E. graniticola from the USA, E. agassizi from the USA, and E. diversa and its synonyms (E. thompsoni, E. oryzae, and E. inflecta) from the USA. This clade corresponds to one found in the BI tree (PP = 100), also denoted by an arrow in Fig. 4 . The topology between the ML and BI trees for the arrow-denoted clade in Figs. 3 and 4 is very different and often poorly supported. However, it is clear that in the species for which multiple samples were included, very few form monophyla according to species identification. Only E. graniticola (PP = 64, BS = 74) and E. agassizi (PP = 94, BS = 61) form monophyla, while all other specimens fall in polyphyletic groups. DISCUSSION The taxonomic status of Eulimnadia has been thoroughly debated in the literature (Sars, 1895; Sayce, 1903; Daday, 1925; Barnard, 1929; Brehm, 1933; Ueno, 1940; Mattox, 1954; Straškraba, 1964; Webb and Bell, 1979; Martin and Belk, 1988; Belk, 1989; Martin, 1989; Brtek, 1997; Pereira and Garcia, 2001) . Recently, several molecular phylogenetic studies have supported its monophyly Schwentner et al., 2009; Weeks et al., 2009 ).
The two gene analyses, as well as the single gene cytb analyses presented here, appear to support Eulimnadia as a monophlum, but a lack of important members of the Limnadiidae makes a definitive conclusion unwarranted at this time. The single gene EF1α analysis does not support Eulimnadia monophyly, as Calalimnadia mahei and Limnadia lenticularis render Eulimnadia paraphyletic. However, much of this single gene tree is ambiguous, with many polytomies, and low nodal support for many of the branches.
The current molecular phylogenetic analyses allow for independent testing of some of the taxonomic conclusions based on morphological observations. Currently, eight species of Eulimnadia are recognized from North America (Table 4) . This study includes five of these, as well as three of the species that Belk (1989) synonymized into E. diversa (Table 4 ). The specimens representing these species were identified by D. C. Rogers and C. Sassaman, both leading clam shrimp taxonomists, based on the original type characters used to diagnose the species prior to Belk's (1989) synonymization. It must be noted, however, that the strategy of separating specimens based on locality and sending some for identification while retaining others for the DNA analysis may have been problematic if more than one species could be found in each locality. Multiple specimens were included in each analysis to test the consistency of these characters for species identification. Only one North American species was monophyletic: E. graniticola. Eulimnadia cylindrova from Mexico is monophyletic in the combined gene analysis, but when more specimens are added in the cytb and EF1α single gene analyses, the species becomes polyphyletic, though lack of resolution makes such a result preliminary. Eulimnadia agassizi is monophyletic in the combined gene analyses and the cytb analyses, but is polyphyletic in the EF1α analyses, again likely due to lack of resolution. In all analyses, specimens identified as E. texana are polyphyletic, dispersed in the tree with specimens of E. diversa, E. follisimilis, and E. colombiensis. Eulimnadia diversa specimens, and those identified as its synonyms, also do not form a monophylum and thus is not supported as a valid taxon.
These results highlight the troubles in identification of the species of Eulimnadia. In this study, we assume that all specimens were correctly identified based on the diagnostic characters of the species descriptions. Under this assumption, the molecular analyses suggest that many of the current character states used to distinguish species are not taxonomically useful. Alternatively, we could assume that some of the specimens were incorrectly identified and thus led to such polyphyly as seen in the molecular analyses. If this were the case, it would likely be due to the variability in morphological characters. We believe that these species all best fit the current species delineations and thus represent our current understanding. However, either scenario suggests that the characters used to identify species, including those of the egg as proposed by Belk (1989) , are not reliable.
Despite the uncertainty of the species designations, given the polyphyly of the three Mattox (1954) species included in this study (E. inflecta Mattox, 1939; E. oryzae Mattox, 1954; and E. thomsoni Mattox, 1939) that Belk (1989) synonymized within E. diversa, we can conclude that Belk was correct in his assessment that these are not valid species. However, in all analyses E. diversa is also polyphyletic. Eulimnadia texana has been extensively studied as a model for the androdioecious mating system (Chasnov, 2010) . Belk (1989) found the eggs of E. texana to be morphologically conservative between two wide ranging populations, one in Texas and one in California. In the current study, we were only able to obtain both genes for two specimens and these do not form a monophylum, falling in a clade with E. follisimilis, E. colombiensis, and the E. diversa specimens from Nebraska. In the EF1α tree, three specimens are included, but the tree is poorly resolved at this level. The cytb trees offer the most information on this species as we were able to include 13 specimens, 11 of which are from populations in New Mexico and two from a population in Mexico (Baja of California). In both the BI and ML analyses, these specimens form a polyphyletic group with specimens of E. follisimilis (also from New Mexico), E. colombiensis from Venezuela, and the E. diversa specimens from Nebraska. Also, in both analyses, the specimens from the population in Mexico were significantly grouped into a clade. It is also interesting to note that the two specimens of E. colombiensis and the two specimens of E. follisimilis do represent monophyletic groups within the E. texana polytomy. Yet, these specimens are from single populations. Thus it seems specimens from populations form monophyletic groups, while specimens from different populations identified as the same species do not. This highlights that it is the morphological species diagnosis that is in question. Eulimnadia agassizii is a North American species with a very small range in Massachusetts, USA (Packard, 1874; Zinn and Dexter, 1962) . In the two gene analysis and in the single cytb analysis, E. agassizii specimens find support as Eulimnadia cylindrova is a widely distributed species, occurring throughout North and South America. Here, we have Berry, 1926 Eulimnadia antlei Mackin, 1940 Eulimnadia astraova Belk, 1989 Eulimnadia belki Martin, 1989 Eulimnadia cylindrova Belk, 1989 Yes Eulimnadia diversa Mattox, 1937 Yes Eulimnadia alineata Mattox, 1953 Eulimnadia francesae Mattox, 1953 Eulimnadia inflecta Mattox, 1939 Yes Eulimnadia oryzae Mattox, 1954 Yes Eulimnadia thompsoni Mattox, 1939 Yes Eulimnadia ventricosa Mattox, 1953 Yes Eulimnadia graniticola Rogers et al., 2010 Yes Eulimnadia texana Packard, 1871 Yes included specimens from Mexico, Venezuela, and Ecuador (the Galapagos Islands). Although all of these specimens do not form a monophyletic group, some do occur in monophyletic groups at the population level. Brendonck et al. (1990) conducted a large survey of the Branchiopod fauna of the Galapagos Islands, including E. cylindrova. In this study, Brendonck et al. (1990) noted that there were slight differences in the morphology of the eggs from those described by Belk (1989) , but not enough to warrant a new species designation. However, these differences led the authors to observe egg morphology across populations of E. cylindrova from one population in the USA (Arizona), two populations in Mexico, as well as the Galapagos Islands populations. Brendonck et al. (1990) noted variability in morphology and size characteristics of the eggs from these different populations. This is in contrast to the suggestions by Belk (1989) that egg morphology is a conservative character. They concluded that further study is needed to clarify the taxonomic level at which these populations should be considered and resorted to classifying all populations into an extended species group: E. cylindrova sensu lato. The molecular data in the current study, particularly the cytb analysis (which included three different populations of E. cylindrova), supports the conclusions of Brendonck et al. (1990) that populations of Eulimnadia can be quite different and might warrant species level distinction. The support for monophyly of E. graniticola in our analyses reaffirms this as a good species. Interestingly, this is the most recently described species of Eulimnadia from North America (Rogers et al., 2010) and the designation of it as a new species is based primarily on egg morphology. It is noted that eggs of E. graniticola are most similar to eggs of E. follisimilis and these two species might form a species group. Brendonck et al. (1990) suggested that these species groups may indicate single species. However, Rogers et al. (2010) used molecular analysis as support for E. graniticola as a unique species: they found three apomorphies in the sequences of 28S of four specimens. The molecular data presented herein further support the validity of E. graniticola as a species supported by both morphological and molecular characters.
Overall, from these data, it is evident that Belk (1989) is correct in his assessment that the North American species designated by Mattox (1954) are not valid. However, our data do not support that these taxa should be synonymized into E. diversa (Fig. 1) . Eulimnadia diversa, E. texana and E. cylindrova are all wide ranging species and seem to form species groups with other North and South American species. Eulimnadia graniticola and E. agassizii are narrowly distributed and they are well supported as valid species.
The current molecular study highlights the need to further investigate inter-population variability within species to better understand what constitutes a species in Eulimnadia. Species based on morphological characters are not supported but species delimitation based on molecular characters will require more data before a consistent and practical species definition can be applied.
